The effect of phosphorylated ribavirin on the vesicular stomatitis virus in vitro transcription reaction was examined. Analysis of the kinetics observed when the concentrations of nucleoside triphosphates were varied was performed with vesicular stomatitis virus wild-type standard virions. Double-reciprocal and Eadie-Hofstee plots showed competitive inhibition with all natural nucleoside triphosphates when both ribavirin diphosphate (RDP) and ribavirin triphosphate (RTP) were used. The Km values for ATP obtained for the wild-type polymerase were similar to those reported previously. To further characterize the observed inhibition kinetics, in vitro transcription products synthesized in the presence or absence of RDP and RTP were purified by CsCl centrifugation and were primer extended with oligonucleotides specific for either positive-sense leader or nucleocapsid mRNA transcripts. The ratios of leader to nucleocapsid mRNA were measured from primerextended in vitro transcription products. It was found that the addition of RDP or RTP did not significantly change the in vitro ratio, suggesting that the polymerase is blocked before it enters the 3' end of the template.
Ribavirin (1-p-D-ribofuranosyl-1,2,3-triazole-3-carboxamide) is a broad-spectrum antiviral agent whose molecular mode of action remains unknown. The drug possesses in vitro inhibitory activity against a remarkable variety of viral pathogens, including both DNA and RNA viruses (16) . Several theories regarding the molecular mode of action of ribavirin have been postulated. One proposed mechanism states that the drug leads to decreased intracellular GTP pools, indirectly suppressing viral nucleic acid synthesis (13, 19) . A more recent hypothesis proposes that ribavirin treatment of virus-infected cells results in the synthesis of RNA with abnormal or absent 5' cap structures, which would result in inefficient translation of viral transcripts (9) . A third hypothesis states that the drug has a direct suppressive effect on viral polymerase activity (7, 23, 24) . It is important to note that these hypotheses are not mutually exclusive. In examining the effects of phosphorylated ribavirin compounds on an in vitro vesicular stomatitis virus (VSV) polymerase assay, we have found that the drug does indeed possess a significant direct suppressive effect on viral polymerase activity (21) . This effect did not involve chain termination and was mediated to different degrees by ribavirin-5'-monophosphate, -diphosphate (RDP), and -triphosphate (RTP). We also found that the inhibition was reversible with UTP and CTP as well as with GTP. The reversal by ATP was more difficult to interpret, and the role of this nucleotide was undetermined (21) . Given this direct effect on the VSV polymerase and the apparent reversibility of the drug, we characterized by kinetic analysis the type of inhibition which occurs when the concentrations of the four nucleoside triphosphates were individually varied. Primer extension of t Present address: Harvard School of Public Health, Boston, MA 02115.
purified transcription products was performed in order to determine the effect of the drug on message synthesis versus leader synthesis as an indication of the mechanism by which transcription is inhibited.
MATERIALS AND METHODS
Virus source, growth, and purification. VSV (Indiana serotype) was prepared by sucrose gradient purification after the virus was grown in Chinese hamster ovary cells as described by Stampfer et al. (18) .
Chemicals. RDP and RTP were kind gifts of Roland K. Robins and Daniel Smith (1) .
VSV in vitro transcription reaction. In vitro transcription reactions were set up as previously described (3). The reaction mixture was composed of 100 mM NaCl, 50 mM Tris hydrochloride (pH 8.0), 5 mM MgCl2, 4 mM dithiothreitol, 0.05% Triton X-100, 10 U of placental RNase inhibitor (Boehringer Mannheim Biochemicals, Indianapolis, Ind.), 20 , uCi Table 2 .
RESULTS
Inhibition of VSV polymerase with RDP and RTP. The mechanism of inhibition of the VSV polymerase by phosphorylated ribavirin compounds was studied by varying the concentration of the four nucleoside triphosphates in the in vitro transcription assay. We first tested the linearity of the polymerase reaction and found that it was linear for at least 90 min (data not shown). All reactions were subsequently assayed for 60 and 90 min at 30°C.
The Lineweaver-Burk method of plotting the Michaelis equation has been widely used to distinguish types of inhibition. Double-reciprocal plots obtained for ATP, GTP, CTP, and UTP when RDP was the inhibitor are shown in (20) .
Primer extension analysis. In vitro transcription products and intracellular RNA from virus-infected cells were purified by CsCl centrifugation and were primer extended as described above. When RNA from VSV-infected cells was extended with the primer specific for N mRNA, a band of approximately 50 nucleotides was visible (Fig. 2, lane 2) . When the primer specific for leader RNA was extended on RNA from virus-infected cells, a band of approximately 30 nucleotides was observed (Fig. 2, lane 4) . No bands were seen when mock-infected intracellular RNA was extended with either primer (Fig. 2, lanes 1 and 3) .
RTP or RDP was added to the in vitro transcription reaction to produce a 50% inhibitory response (21) . Primer extension analysis was then performed on the purified in vitro transcription products. The two specific primers were added to each of the RNA samples and were primer extended as described above. In order to guarantee that the results would reflect true ratios, RNA samples were varied in concentration and assayed. By varying the RNA concentrations of the in vitro transcribed products, the optimum concentration at which the oligonucleotide primers are in excess was obtained ( Table 2 ). The higher concentrations of RNA gave different ratios, and it was only in the diluted RNA samples that we were sure that we had an excess of primer. Repeated experiments with VSV have shown that ratios derived from the lower concentrations of RNA were reproducible and gave consistent values.
Results obtained when RTP or RDP was added to the polymerase reaction are shown in Fig. 3 . After being autoradiographed, the bands were removed from the gel and counted, and the relative ratios of the two RNA transcripts were analyzed (Table 3) .
We found that the presence of RDP or RTP in the in vitro polymerase reaction did not apparently change the ratio of leader to N mRNA for VSV; this ratio was similar to ratios obtained from in vitro transcription reactions without inhibitor.
DISCUSSION
We have used enzyme kinetic procedures and product analysis to further investigate the mechanism of action of ribavirin. We have already reported that mono-, di-, and triphosphorylated ribavirin possess inhibitory activity against VSV, with the mono-and diphosphorylated forms of 9 12 8 9 12 ANTIMICROB. AGENTS CHEMOTHER. (21) . Our initial observation that RDP was inhibitory was surprising. It has been shown previously that all nucleoside analogs inhibit viral polymerases in the triphosphorylated form (7, 8) . One explanation might be that since ribavirin has a modified base moiety rather than a modified sugar and does not function as a chain terminator, the triphosphorylation of the ribose is probably not necessary for activity.
Our results demonstrate that RDP ( Fig. 1) and RTP are selective inhibitors of VSV transcriptase in vitro and that this inhibition is competitive with that of all four nucleoside triphosphates. Both drugs, when analyzed by double-reciprical plots, gave similar patterns of inhibition, although the Km values of the nucleoside triphosphates in the presence of the different drugs are not the same. The Km values of our nucleotides without the addition of drugs are similar but not identical to published values (20) and are consistent in this laboratory for this reaction. Both of the phosphorylated forms of ribavirin compete directly with all four of the nucleoside triphosphates, suggesting that they are acting on the polymerase in a similar fashion. Because there appears to be no incorporation of ribavirin and because the transcripts synthesized appear full length in the presence of both drugs (21) , it was our initial hypothesis that RDP and RTP were blocking polymerase initiation at the 3' terminus of the genome.
We studied purified in vitro transcription products synthesized in the presence and absence of phosphorylated ribavirin compounds to determine the effect of these drugs on leader and mRNA synthesis and to further characterize the observations on enzyme kinetics. We found that the inhibition of leader synthesis was similar to the inhibition of N mRNA synthesis, since the ratios of these two RNAs did not appear to change with the addition of RDP or RTP to the transcription reaction (Table 3 ). These results suggest that the inhibitory effect of ribavirin on the polymerase occurs at the level of initiation of primary transcription, when the Replicate cultures of VSV-or mock-infected CHO cells were maintained as described previously (19) . Cells were lysed in Nonidet P-40 lysis buffer, and cytoplasmic extracts were fractionated on a 20 to 40% CsCl gradient; pelleted RNA was isolated and ethanol precipitated. Oligonucleotide primers complementary to leader RNA (lanes 3 and 4) and N mRNA (lanes 1 transcriptase enters the 3' end of the genome. Interestingly, the compound imido ATP, which has a nonhydrolyzable beta-gamma bond, has been used to demonstrate that cleavage of this ATP bond may be required for mRNA synthesis (10) . Although it might have been expected that RTP could resemble imido ATP, compete for the components of the cleavage of ATP, and affect reinitiation after leader termination, the evidence described above discounts that hypothesis.
Our data on the steady-state level in the in vitro reaction differ greatly from the results reported by De and Banerjee (5) , who reported an approximate fourfold increase in N mRNA synthesis over leader synthesis. Our experiments, when we had an excess of primer, showed an approximate three-to fourfold increase in leader synthesis over N mRNA synthesis for VSV. However, the use of incorporated counts without accounting for the size differences between leader and N mRNA makes the data from these experiments difficult to interpret. The advantage of primer extension analysis over incorporated-counts analysis is that with primers labeled with single radioactive nucleotides and giving extended products of similar lengths, the amount of extended product is proportional to the amount of transcript, irrespective of the length of the transcript. Our data support the hypothesis of Iverson and Rose (11) that the polymerase initiates, elongates, attenuates, and then sometimes (but not always) reinitiates at the next initiation signal. Iverson and Rose did not examine the leader-N gene junction but found sequential attenuation at all other gene junctions (11) . The in It remains to be seen whether the effects on primary transcription reported here and in our previous paper (21) are responsible for the antiviral effect of ribavirin seen in the infected cell and whether the inhibition of the VSV polymerase by ribavirin also affects VSV replication in the infected cell. It is possible that the well-documented cell-type-specific susceptibility to ribavirin reflects the degree to which the cell can phosphorylate ribavirin.
